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The d.c. conductivity, o, and low-frequency relative dielectric constant, &, of Portland cement
paste were monitored, using impedance spectroscopy, during cooling from room
temperature down to —50 °C. Dramatic decreases in the values of o and k, as great as two
orders of magnitude, occurred at the initial freezing point of the aqueous phase in the
macropores and larger capillary pores. This result provides strong experimental support for
the dielectric amplification mechanism, proposed in Part Il of this series, to explain the high
measured low-frequency relative dielectric constant of hydrating Portland cement paste.
Only gradual changes in the electrical properties were observed below this sudden drop, as
the temperature continued to decrease. The values of o and & of frozen cement paste, at
a constant temperature of —40 °C, were dominated by properties of
calcium-silicate-hydrate (C-S—-H) and so increased with the degree of hydration of the paste,
indicating a C-S-H gel percolation threshold at a volume fraction of approximately
15%-20%, in good agreement with previous predictions. Good agreement was found
between experimental results and digital-image-based model computations of ¢ at —40 °C.
Freeze-thaw cycling caused a drop in the dielectric constant of paste in the unfrozen state,
indicating that measurements of k could be useful for monitoring microstructural changes
during freeze-thaw cycling and other processes that gradually damage parts of the cement

paste microstructure.

1. Introduction

Impedance spectroscopy (IS) is an electrical technique
that has been used to characterize the microstructure
of cement paste, providing useful information about
the relationships between microstructure, electrical
properties, and chemical processes during the hy-
dration of cement paste [1-9]. The IS experiment
consists of applying an alternating current, of smali
enough amplitude to be in the linear response regime,
to a cement paste sample and measuring the impe-
dance as a function of frequency. The measurement of
impedance can be made rapidly and easily while the
sample is hydrating, without altering its microstruc-
ture or drying the sample.

Parts I [10] and II [11] of this series studied the
relationships between the d.c. conductivity, o [10],
and low-frequency relative dielectric constant, k [11],
and the microstructure of cement paste, using IS
measurements interpreted by digital-image-based
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computer models. One main experimental finding was
that the value of k for cement paste can be very high
[11]. The value of k increases sharply during the first
10-15 h hydration to a value as high as 10*~10°, then
decteases gradually to a value near 103, as shown by
Fig.1 [2,4,11]. The high values are surprising, be-
cause none of the components of the cement paste
have such high values. The aqueous phase (dissolved
inorganic ions in water), which is the single pure phase
with the highest value of k, has k= 80. Calcium silicate
hydrate (C-S-H) gel contains small water-filled pores,
and although its overall dielectric constant is relat-
ively high, perhaps about k = 10*> [2,4], it cannot
account for cement paste values on the order of
k = 10°, especially at early stages of hydration where
not much C-S-H is present.

In Part II of this series, a “dielectric amplific-
ation” mechanism was proposed [11] based on a geo-
metric amplification within the microstructure on
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Figure 1 Relative dielectric constant versus hydration time for
a Portland cement paste of w/c ratio 0.4. (- - -} A slight uncertainty in
the early measurements due to the high frequency required to
obtain the data (taken from [2,4, 11]).
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Figure 2 Schematic diagram of the brick layer model of 2 grain-
boundary ceramic and its relationship to cement paste [12].

a micrometre scale. The proposed mechanism is
a microstructure of interlocking C-S-H gel and pore
water with a structure in some ways similar to that of
a grain-boundary ceramic [12], where the intercon-
necting layers of C-S-H act as low o, high k grain
boundaries, and the capillary pores act as high o, low
k grains, as shown schematically in three dimensions
in Fig. 2. Because the current is carried mainly by the
pore fluid (o, =4-6Sm™" for typical Portland ce-
ment pastes), a large capacitance could result from
thin layers of C-S-H gel within the capillary pore
network. Porous rocks saturated with an electrolytic
solution, having microstructures in some respects
similar to that of hardened cement paste, also dis-
play high dielectric constants [13]. Similarly,
porous alumina saturated with brine solution has
a low-frequency relative dielectric constant on the
order of 10° [14].

This amplification mechanism can be demonstrated
in the following simple example. A composite parallel
plate capacitor, shown in Fig.3a, has a capacitance
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Figure 3 (a) A schematic diagram of a parallel plate capacitor,
where D is the distance between the plates, b the thickness of the
dielectric substance, and d the space between the dielectric sub-
stance and the plates [3]. (b) A schematic diagram of the arrange-
ment of C-S-H and capillary pores in cement paste, in analogy to
(a) (taken from [11]).

that is controlled by its D/d ratio, as given by

C = keo(A/D)
= k&o [A/AD — b)]
= ko (A/d)
= ko (D/d) (A/D) (1

where C is the capacitance, D the distance between the
plates, b the thickness of the conducting material be-
tween the plates, k, the relative dielectric constant of
the substance in the d/2 width gaps, ¢, the permittivity
of free space, k the effective dielectric constant of the
entire composite parallel plate capacitor, and A is the
cross-sectional area of the electrodes [2]. The result-
ing overall relative dielectric constant

k =k (D/d) @

can be very large, depending on the D/d ratio. This is
the type of amplification observed in grain-boundary
ceramics, where D is the grain size of the conductive
grains and d the thickness of the more insulating grain
boundaries.

The dielectric constant of each “C—8-H capacitor”
in the microstructure of cement paste is also con-
trolled by its D/d ratio, as shown by the schematic
diagram in Fig.3b, where d is the thickness of the
C-S-H layer and D is the size of the capillary pore.
Initially, as C-S-H is produced and projects into the
capillary network, the dielectric constant of the paste
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increases. At some point, however, the D/d ratio of
each capillary pore: C-S-H “capacitor” begins to de-
crease. This is due both to the increase of the value of
d, via hydration growth of C-S-H, and the corres-
ponding reduction in the value of D, as pore water is
consumed and porosity and pore size decreases. Re-
ducing the value of D/d causes the dielectric constant
of the entire sample to also decrease. Part II showed
that, unlike grain-boundary ceramics, the high con-
ductivity phase, which in cement paste is the capillary
pore space, did not need to be disconnected in order to
generate a high dielectric constant. It was also sugges-
ted that this same mechanism, acting at the nanometre
scale in the nanometre-size C-S—-H pores, was respon-
sible for the relatively high value of k = 10° for C-S-H.

The electrical coupling between the pore fluid in the
capillary pores and the high values of k assumed to be
taking place in the proposed dielectric amplification
mechanism implies a method of independently check-
ing the validity of this mechanism. Because the
freezing point of pore fluid depends on the size of the
pore it occupies [15], a phenomenon associated with
freezing-point depression in small pores, changes in
electrical properties with decreasing temperature can
be attributed to specific size classes of pores. In the
present study, the pore solution in the capillary pores
was frozen in order to change the main conducting
path from the capillary porosity to the C-S-H gel. The
smaller pores in the C-S-H phase freeze at lower
temperatures than the larger capillary pores, so that
the conductivity of the C-S—H phase, while still lower
than its value at room temperature, becomes signifi-
cantly higher than the conductivity of the capillary
pores filled with frozen pore fluid. “Turning off” the
high conductivity of the capillary pores should then
have a substantial effect on the value of k, if the
proposed dielectric amplification mechanism is valid.

2. Experimental procedure

Cement paste was prepared by adding deionized water
to ordinary Portland cement and mixing with a spat-
ula for 1min. Samples of dimensions 30 mm x
15 mm x 2.5 mm were cast into plastic moulds. Stain-
less steel electrodes of dimensions 7.5 mm x 7.5 mm
were placed into the wet cement paste approximately
20 mm apart. All samples were stored in an airtight
chamber above a pool of lime-saturated water to pre-
vent drying.

The freezing apparatus, shown schematically in
Fig.4, consisted of an insulated thermoelectric stain-
less steel plate controlled by a variable power source.
The cold chamber consisted of a stainless steel cylin-
der open at both ends and a stainless steel lid. A ther-
mistor (10 kQ + 1% at 25°C) connected to a multi-
meter was used to monitor the temperature inside the
chamber. Two 160 mm long 24 gauge wires were run
through the top of the cold chamber and attached to
the electrodes in the sample. The opposite ends were
connected to the impedance analyser via a two-elec-
trode connecting jack.
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source
Cement
paste
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Figure 4 A schematic diagram of the freezing/IS apparatus used to
obtain the experimental results reported in this paper.

Two impedance analysers, a Hewlett—Packard
Model 4192A and a Schlumberger Model 1260*, with
frequency ranges of 13 MHz to 5 Hz and 32 MHz to
10 pHz, respectively, were-used. Impedance data were
collected within a frequency range of 10 MHz to
10 Hz using a personal computer interfaced to the
impedance analyser, and were analysed using “Equiv-
alent Circuit” [16]. The resistance and capacitance of
each sample were determined by fitting the experi-
mental impedance curves. Variations in the fitting
procedure resulted in only about a 20% difference in
the calculated dielectric constant. This amount of pre-
cision was considered to be acceptable for this experi-
ment. Data for frequencies above 3 MHz were not
used because of the known unreliability of impedance
data in this frequency range [4].

High-frequency measurements were corrected to ac-
count for the residual inductive and capacitive effects of
the wires and the internal resistance of the impedance
analyser. Because these corrections for the frozen pastes
resulted in a change of less than 1% for the resistance,
and less than 5% for the capacitance, the corrections
were not actually required to achieve an acceptable
level of accuracy. More details of the measurement
process can be found elsewhere [2,4, 10, 11].

3. Freezing of water in cement paste
pores

The formation of ice within a pore is dependent on the

size of the pore. Nucleation of ice crystals becomes

*Certain commercial companies are named in order to specify adequately the experimental procedure. This in no way implies endorsement or
recommendation by the national institute of Standards and Technology.
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more difficult as pore size decreases. The freezing
point depression of pore water is related to the pore
radius by the well-known Gibbs—Thomson equation
[17]

In(T/Te) = — 2AGV/AHr 3)

where T is the temperature of the water in the pore
(K), Ty is the freezing point, AG = G(matrix/ice)
— G(matrix/water), G is the interfacial energy, V the
molar volume of water, AH the latent heat of fusion,
and r the pore radius [18]. As the pore radius de-
creases, the freezing point of water in the pore de-
creases. This effect has been observed in many porous
materials for many different fluids [15], and is also
observed for water in cement paste. Calorimetric re-
sults of hardened cement paste [18-22] from 10°C to
— 60°C show three well-defined peaks at approxi-
mately — 8, — 23, and — 40 °C. Ice formation does
not occur above — 8°C due to the freezing point
depression of the pore water, caused by both pore-size
effects, as given by Equation 3, and the high ionic
strength of the pore solution. The peak at — 8°C is
due to freezing bulk water in the macropores. The
peak at — 23°C corresponds to the freezing of the
smaller capillary pores, while the rather broad peak at
— 40 °C represents the low-temperature transition of
supersaturated solution in gel pores. Very little addi-
tional freezing occurs below this last peak. Calorimet-
ric studies have been performed down to a temper-
ature of — 175°C, and there is no indication of bulk
ice formation below this point [18,19]. There is, how-
ever, some evidence for a freezing of an adsorbed
water film at approximately — 90°C [20,21].

4. Dielectric amplification mechanism:
results and discussion

The conductivity, o, and the relative dielectric con-
stant k of each sample were measured from room
temperature down to — 50 °C. Typical plots of ¢ and
k as a function of temperature for a cement paste of
0.4 w/c ratio (w/c = weight ratio of water to cement
used in making the cement paste), hydrated for 15h
prior to freezing, are displayed in Fig. 5a and b, respec-
tively.

4.1. Effect of freezing on the d.c.
conductivity

As shown by Fig. 5a, log o decreases linearly with
temperature down to about - 5°C, drops sharply
about two orders of magnitude, then decreases lin-
early again. Some samples were cooled to temper-
atures below — 100 °C to determine if any other sharp
drops in the conductivity existed, but the log o value
was linear throughout this region. This is displayed in
Fig. 6, which represents a paste of 0.4 w/c ratio, as in
Fig. 5a, but for a slightly longer hydration time of 18 h.
The large conductivity drop (Alogo, defined in
Fig. 5a) occurs within the same temperature range as
the freezing point of the large capillary pores, as deter-
mined by differential scanning calorimetry (DSC)
[18-24], so it is reasonable to conclude that the drop
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Figure 5 (a) Log d.c. conductivity versus temperature for a 0.4 w/c
ratio cement paste hydrated 15 h. The quantity Alog o is defined in
the graph by the vertical arrow, indicating the magnitude of the
abrupt drop in the conductivity near — 8°C. (b) Log relative
dielectric constant versus temperature for a 0.4 w/c ratio cement
paste hydrated 15h.
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Figure 6 Log d.c. conductivity versus temperature for a 0.4 w/c
ratio cement paste hydrated 18 h, and taken to lower temperatures.

is a result of the freezing of bulk and capillary water.
When this water freezes, the mobility of the ions that
carry the electrical current (mainly Na*t, K*, and
OH™ [1]) is sharply reduced, and thus the conductiv-
ity of this phase is sharply reduced as well. As the
smaller gel pores freeze at lower temperatures, the
conductivity continues to decrease continuously. This
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Figure 7 Log d.c. conductivity versus temperature for a 0.4 w/c
ratio cement paste hydrated ((J) 15, (M) 26, (O) 200 h and (@) 40
days.

large drop at about — 8°C is probably due to the
freezing of larger capillary pores that are percolated or
connected at short hydration times. This point is made
clearer in Fig.7.

As hydration continues and the capillary water is
consumed, more C-S-H is produced, and A log & de-
creases at a given temperature. Fig.7 is a plot of the
log o versus temperature for four pastes of w/c ratio
0.4 with hydration times of 15, 26,200 h and 40 days.
Note how Alog o decreases with increasing time, un-
til, at about 40 days, there is essentially no abrupt
large drop in the log o versus T curve. After 40 days
hydration, a 0.4 w/c ratio cement paste has very little
capillary porosity remaining, and this porosity is
almost certainly discontinuous. When the larger
capillary pores are well-percolated and have a
relatively large volume fraction, they will dominate
the overall value of the conductivity. Switching
off their conductivity by freezing causes a steep
drop in the conductivity of the paste. As more and
more of the capillary pores become discontinuous
with the hydration of the paste, less and less of a steep
drop in conductivity is seen upon freezing, because the
overall condugctivity is no longer dominated by the
percolated capillary pores. After the percolation thre-
shold for the capillary pores is reached, there is still
a decrease in conductivity upon freezing, but no steep
“discontinuous” drop, as the capillary pores, being
disconnected, no longer control the conductivity of
the cement paste.

The percolation threshold for the larger capillary
pores has been predicted to be 18%, independent of
w/c ratio [25]. For a paste of w/c ratio 0.4, the critical
degree of hydration needed to achieve this porosity is
approximately 0.65, where the degree of hydration is
the volume fraction of cement that has reacted. This
would correspond to a hydration time somewhere
between 8 and 40 days, so the above predicted behav-
iour for Alogo is in agreement with the data shown
in Fig.7.

5082

4.2, Effect of freezing on the dielectric
constant of cement paste

The behaviour of the dielectric constant as a function
of decreasing temperature is very similar to the behav-
iour of the conductivity, as shown by Fig. 5b. The
value of logk is relatively constant with change in
temperature down to about — 5°C, where it drops
sharply by two orders of magnitude. Beyond this
point, log k is again relatively constant with change in
temperature. Log k of samples cooled below — 100°C
remained relatively unchanged in the temperature re-
gion below the drop, as shown by Fig. 8.

When tap water is frozen, k drops from a value of
about 80 at room temperature, to a value of about 5 at
temperatures below 0°C. In previous studies, the di-
electric constant of extracted pore solution at room
temperature was found to be similar to that of water
[2.4]). However, the dielectric constant of frozen pore
solution is difficult to determine because the solution
does not freeze completely at a specific temperature.
Multiple arcs appear in the impedance spectra at low
temperatures, which suggests that multiple phases pre-
cipitate during freezing. For example, a pore solution
extracted from a cement paste hydrated for 15 h and
then tested at — 50 °C displays four separate arcs, as
shown in Fig.9. The phase separation, with its
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Figure 8 Log relative dielectric constant versus temperature for
a 0.4 w/c ratio cement paste hydrated 18 h, and taken to lower
temperatures.
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Figure 9 Impedance response of frozen pore solution at — 50°C.
The numbers indicate the four (at least) arcs which make up the
impedance response.
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resulting multiple arc response, makes it impossible to
estimate the dielectric constant accurately. Because of
the small size of pores, phase separation may not
occur during freezing of cement paste. According to
Yoon et al. [26], freshly mixed cement paste with a w/c
ratio of 0.4 has a dielectric constant of about 24 at
—30°C, so it is safe to assume that the dielectric
constant of frozen pore solution is of the same order as
the dielectric constant of frozen tap water.

Although the dielectric constant of pore solution
decreases when it freezes, this cannot be the only cause
for the drop in the dielectric constant of cement paste.
The drop in k for the pore solution is at most about
one order of magnitude, compared to the largest drop
in k for cement paste being up to three orders of
magnitude* [27] measured for an 0.7 w/c ratio cement
paste. This result is strong evidence for the dielectric
amplification mechanism proposed in Part II [11] of
this series. This dielectric amplification mechanism is
clearly almost eliminated when the capillary pores
freeze and lose their high conductivity. When this
happens the microstructure changes from one in
which the layers of C~S—H gel act as capacitors within
the conductive capillary porosity to one in which the
interconnected C-S-H ge! becomes the most conduc-
tive pathway, embedded in the much less conductive
capillary pores. The relative value of the conductivity
of frozen pore solution and C-S—-H are discussed in
Section 5 below.

Fig. 10 is a plot of log k versus temperature for four
pastes of w/c ratio 0.4 with hydration times of
15,26,200 h and 40 days. Notice how Alog k decreases
with time until at about 40 days there is only a minim-
al drop. The behaviour of Alogk’ essentially tracks
that of Alogo. After the capillary pores become dis-
connected, the dielectric amplification mechanism
loses its effectiveness. Turning off the conductivity of
the capillary pores by freezing then has relatively little
effect on the value of k.

5. Electrical properties of frozen cement
paste at —40°C "

The conductivity and the dielectric constant of frozen
cement paste, at temperatures lower than — 8§°C,
increased with hydration time, as shown in Figs 7 and
10. Assuming that in the frozen paste the C-S~H gel
has the highest conductivity and the highest dielectric
constant, these electrical properties of the paste would
be expected to increase with time, as the degree of
hydration and therefore the amount of C-S-H has
increased.

To enable quantitative comparison between experi-
mental and computational results for the d.c. conduct-
ivity, the normalized conductivity was used. This is
defined as o/G¢sy, Where Gesy is the conductivity of
the pure C-S-H phase at — 40°C, as determined
below. The quantity c is the measured electrical prop-
erty at — 40°C of the frozen pastes. The temperature
of — 40°C was chosen because it is the point at which
most of the capillary porosity is frozen, but most of the
gel porosity is still unfrozen. This leaves the C-S~H gel
as the only conducting phase, and the frozen capillary
porosity as an insulating phase. No significant
changes in o or k were observed between — 5 and

—40°C, because the remaining unfrozen capillary
porosity is disconnected after the larger capillary
pores freeze.

The volume fraction of C-S-H gel, ¢csy, which is
then expected to be the primary variable, was cal-
culated as follows

besn = 0.530/(wo/c + 0.315) (3]

where wg/c is the initial water to cement ratio, and
o the degree of hydration [28]. The degree of hy-
dration was approximated using data in [4].

As shown by Fig. 11, the experimental normalized
conductivity increases with the volume fraction of
C-S-H gel for frozen pastes of w/c ratios 0.4 and 0.7. If
C-S-H gel is indeed the most conductive phase in the
matrix, the conductivity of the paste would be ex-
pected to increase as hydration proceeds and more
C-S-H gel is produced, as observed. Note, too, how
the conductivity of the frozen paste is independent of
w/c ratio, also indicating that the conductivity de-
pends on the C-S-H content only.

Interestingly, the normalized conductivity of frozen
paste does not begin to increase significantly until the
C-S-H gel reaches a volume fraction of about 0.20.
The percolation threshold for the C-S-H phase has
previously been predicted to be about 17-18% [23].
If, in the frozen paste, the conductivity of the C-S-H
gel is much greater than the frozen pore solution, then
the overall d.c. conductivity should appear to go to
nearly zero near the true percolation threshold. Below
this threshold, the C-S-H is disconnected, and the
overall conductivity is dominated by the much smaller
frozen pore fluid conductivity. In this case, the experi-
mental threshold is in good agreement with the

*Two-point IS measurements tend to give somewhat higher low-frequency dielectric constants than do four-point measurements. The
two-point measurements can give up to a three order of magnitude drop in k upon initial freezing, while the four-point measurements give

closer to a two order of magnitude drop.
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Figure 12 Relative dielectric constant at — 40 °C versus the volume
fraction of C-S~H for Portland cement pastes of w/c ratios (H) 0.4
and (O) 0.7.

theoretical prediction. This threshold could also be
the point at which the C-S-H network is physically
strong enough to resist the stresses associated with
freezing so that it is not broken apart and remains
interconnected in the frozen cement paste. In this case,
the true geometric percolation threshold for the
C-S-H phase would be somewhat lower than the
17-18% theoretical prediction.

As shown by Fig. 12, the dielectric constant in-
creases with the volume fraction of C-S-H gel for
frozen pastes of w/c ratios 0.4 and 0.7, an indication
that the C-S—H gel has the highest dielectric constant
in the matrix. Moreover, the results for different w/c
ratios are the same, further indicating that the dielec-
tric behaviour of frozen cement paste depends only on
its C-S—H content. This is another indication in sup-
port of the proposed dielectric amplification mecha-
nism. In the frozen system, with the capillary pores
“turned off”, the values of 6/ccsy and possibly that of
k follow a simple function of ¢csy, without amplifica-
tion of the value of k at the micrometre cement paste
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level. However, there is almost certainly still amplifica-
tion at the C—S—H nanometre scale, as will be dis-
cussed further below.

It was found previously [25] that for the different
cement paste phases, the percolation probabilities (a
fraction of a given phase that is connected) for each
phase at different w/c ratios all fell on the same curve
when plotted against the volume fraction of that
phase. The connectivity of each phase was indepen-
dent of w/c ratio. Because the conductivity of a phase
depends sensitively on how well it is connected, it was
predicted [29] that the conductivity of unfrozen pastes
would depend only on capillary porosity, the main
conducting phase at room temperature, not the w/c
ratio. Figs. 11 and 12 show that this is true also for the
frozen pastes, when plotted against the volume frac-
tion.of C-S—H gel, the main conducting phase in the
frozen state.

Fig. 11 also shows finite-difference computations
from the NIST/NU cement paste microstructure
model [29] for 6/0¢_s-y, Which are in excellent agree-
ment with the experimental results. The C-S-H per-
colation threshold, and the arrangement of C-S-H
compared to the arrangement of capillary pores are
built right into this model, lending support for the
above microstructural deductions from the electrical
data. Effective medium theories like the general effec-
tive medium theory (GEM) [30] are not suitable for
this material because there are three phases involved,
two conducting and one insulating, and the GEM, at
present, is 'set.up for only two conducting phases.
Fig. 11 also shows the Hashin/Shtrikman (H-S) exact
upper bound for a three-phase material [31]. The
corresponding H-S lower bound is identically zero.
The H-S lower bound has a series-like microstructure
built into it, so that the whole lower bound becomes
zero if any one phase has zero conductivity [31]. In
this case, we are assuming that the insulating phases
actually have zero conductivities.

The actual values of the conductivity of each phase
can be determined by a combination of experimental
and model results, There are two parameters to be
determined, expressed in the following way: (1)
the ratio of the conductivity of pore fluid, o4, to the
conductivity of C-S-H, o¢sy, at — 40°C, and (2) the
actual value of 6gy at — 40 °C. The value of the ratio
needed to make the computations agree with experi-
mental results was estimated by comparing the con-
ductivity of frozen extracted pore solutions to the
frozen cement paste. The frozen cement paste conduc-
tivities were much larger than that of the frozen pore
solution. The value of ocsy/0,r Was found to be about
100, which was then the value chosen to calculate the
H-S bound and with which to run the digital-image-
based microstructure model computation. Having this
ratio is enough to compute the value of 6/G¢sy in both
cases, because normalizing the overall conductivity by
Gcsu reduces the number of parameters needed to only
one. However, to extract the actual value of ocgy re-
quired the use of the experimental data, as follows.

The conductivity data at — 40 °C were prelimina-
rily normalized by the conductivity of the sample with
the longest hydration time, having therefore the




largest degree of hydration. This degree of hydration is
known [4]. The model results were then also nor-
malized by the model result at this same degree of
hydration, and compared to the normalized experi-
mental results. The agreement was extremely good, as
good as in Fig. 11. The experimental value of 6/Gc_s_u

was then known accurately, from the model results, for-

each degree of hydration of the cement paste samples.
Knowing & experimentally for each sample then al-
lowed o¢c.s-y to be determined for each sample at
— 40°C. This calculated value did not vary more than
20% or so, over different degrees of hydration and the
two different w/c ratios, 0.4 and 0.7, lending validity to
this procedure. The value of Gcg—y at — 40°C was
found to be 6 x 107> Sm™?, which was then used to
normalize the experimental data at — 40°C.

In similar fashion, it should be possible to estimate
the relative dielectric constant of C-S-H from the
frozen paste data and the NIST/NU cement paste
microstructure model. This work is in progress and
will be reported separately. Nevertheless, the order of
magnitude can be estimated based upon the data in
Fig. 10. Concentrating at — 10°C, which ensures that
all the gel porosity is unfrozen, the relative dielectric
constant increases steadily with hydration time, from
~650 at 15h to ~1250 at 26 h, ~2800 at 200 h, and
finally ~4000 at 40 days, where C-S-H makes up
approximately 50% of the microstructure by volume.
These large values indicate that C-S-H gel is itself
a microstructure that amplifies its dielectric constant.
Gel pores and intervening C-S-H layers achieve am-
plification on the nanometre scale after the model in
Fig. 3. The dielectric constant is amplified from 10
(solid phase) or 80 (pore fluid) to several thousand
(C-S-H gel). Subsequently, above the melting point of
the large capillary pores, the dielectric constant can be
amplified further from ~ 10% (C-S-H gel) to as high as
10° in pastes with a low degree of hydration. Here the
large capillary pores and intervening C-S—H product
layers achieve dielectric amplification on the micro-
metre scale, again after the model in Fig. 3.

6. Freeze-thaw cycling experiment

A possible application of being able to measure the
dielectric properties of cement paste is demonstrated
in Fig. 13, which shows the relative dielectric constant,
measured at room temperature, of a white cement
paste of w/c ratio 0.4, hydrated for 96 h, that was
subjected to five freeze-thaw cycles. The lowest tem-
perature reached in each cycle was decreased on each
consecutive cycle. The room-temperature dielectric
constant tended to drop after each cycle. This is pos-
sibly due to the expansive forces created by the
freezing pore solution, which may have damaged the
C-S-H phase, and thereby reduced the relative dielec-
tric constant of the paste by changing the dielectric
properties of the C—S-H phase. Note that in Fig. 13
the value of k drops below the nominal value for pure
C-S-H, 103 [11], as the low-temperature end of the
freezing cycle is decreased. After a few cycles, however,
the dielectric constant of the frozen paste did not
continue to decrease with cycling.
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Figure 13 Relative dielectric constant versus end-point temperature
for a 96 h 0.4 w/c white cement paste. The number of freeze-thaw
cycles undergone is shown in parentheses for each data point. Each
successive cycle reached a lower end-point temperature, which is the
abscissa of the graph. Measurements were performed at room
temperature when the sample reached equilibrium.

The results shown in Fig. 13 imply that dielectric
constant measurements may be sensitive to changes in
C-S-H microstructure, during freeze-thaw cycling
and during other processes. This can only be true
because of the sensitive dependence of the value of
k on the microstructure, coming from the dielectric
amplification mechanism that has been demonstrated
in Part II of this series and further supported by the
present work.

7. Conclusions

1. The dielectric amplification mechanism in ce-
ment paste comes from the microstructural relation-
ship between the capillary porosity and the C-S-H gel
phase. The large drop in the dielectric constant at the
freezing point of the capillary pores indicates that the
amplification occurs within the capillary pore net-
work. The amplification may result from layers of
C-S-H gel within the capillary pore network acting as
small capacitors. Disconnected (not percolated) capil-
lary pores are not required for the mechanism to be
operative,

2. The magnitude of the large drop in both o
and k upon the first freezing of the larger capillary
pores correlates well with the predicted percolation
threshold of 18% for these pores [25], because
when the cement paste samples reached a degree of
hydration such that their capillary pore systems
became disconnected, this large drop in properties
vanished.

3. The influence of the C-S-H gel was found to
dominate the electrical properties of the frozen cement
paste matrix. The conductivity of frozen cement paste
was successfully related to the volume fraction of
C-S-H gel using the NIST/NU digital-based com-
puter model.

4. Freezing the cement paste enabled the contribu-
tions of the capillary pores and the C-S-H phase to be
approximately separated. Studying the frozen pastes,
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where the C-S—H gel is the main conductor, showed
that the percolation threshold for C-S-H is at a
volume fraction of about 18%-20%, in good agree-
ment with an earlier prediction [25].

5. The conductivity of the C-S-H phase, ocgy, at
—40°C, for both 0.4 and 0.7 w/c Portland cement
pastes and for different degrees of hydration, was
determined to be approximately 6 x 1075 Sm™, for
lower than its value at room temperature.
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